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making management difficult. The abundant release of cytokines and chemokines in severe COVID-19
patients leads to profound hyper inflammation and the mobilization of immune cells, triggering the cyto-
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kine storm. The complications associated with the cytokine storm include severe respiratory distress,
intravascular coagulation, multi-organ failure, and death. The enormous formation of interleukin (IL)-6
and hemopoietic factors such as granulocyte-macrophage colony-stimulating factor (GM-CSF) are impli-
cated in the severity of the infection. Moreover, these inflammatory cytokines and factors signal through

GM-CSF inhibitors the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway causing the acti-
JAK-STAT inhibitors vation of cytokine-related genes. The neutralization of these proteins could be of therapeutic help in

COVID-19 patients and could mitigate the risk of mortality. IL-6 antagonist, IL-6 receptor antagonists,

GM-CSF receptor inhibitors, and JAK-STAT inhibitors are being investigated to prevent intense lung injury

in COVID-19 patients and increase the chances of survival. The review focuses the role of IL-6, GM-CSF,

and JAK-STAT inhibitors in regulating the immune response in severely affected COVID-19 patients.
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1. Introduction

COVID-19 infection has been unstoppable so far, with over
78,604,532 confirmed cases and 1,744,235 deaths worldwide, as
reported on the 26th of December 2020 (WHO 2020). In most of
the infected COVID-19 patients, the symptoms are mild or moder-
ate but could be deadly and life-threatening in a few. Clinical man-
ifestations in severe cases are not restricted to the respiratory
system but can inadvertently affect other organ systems (Singal
et al., 2020). Accordingly, symptomatic manifestation in mild cases
include cough, headache, and fever. In contrast, in severe cases, the
occurrence of hyper inflammation, extensive lung involvement,
multi-organ failure, acute respiratory distress syndrome (ARDS),
and death have been reported (Geier and Geier, 2020, Song et al.,
2020). In COVID-19 infected cases, the complications reported
include thromboembolic stroke (Oxley et al., 2020), cardiac com-
plications (Zhou et al., 2020), acute left ventricular disturbances
(Zhou et al., 2020), dysrhythmia (Driggin et al., 2020), heart failure
(Huang et al., 2019, Ruan et al., 2020), transient ischemic attack
(Sharifian-Dorche et al., 2020), neurological complications affect-
ing the central and peripheral nervous system (Shekhar et al.,
2020). Healthcare providers are grappling to find the best alterna-
tive to combat the persistent spread of infection.

Although vaccines generally take more than a decade for devel-
opment, the turnaround time for the coronavirus vaccine is rela-
tively short. Despite this, the time to reach the masses is
unpredictable. Also, the lack of specific drugs has made the situa-
tion intense and grim. Hence, more robust treatment strategies
have been investigated to manage the COVID-19 crisis.

Moreover, in COVID-19 infected cases, exacerbation of the con-
dition and the severity of the infection is seen due to an upregulated
immune system. As there is a strong association between severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and the immune system (Coperchini et al., 2020), biologics are used
based on anecdotal evidence to block or antagonize specific
immune pathways or cytokines or their receptors and blunt the
immune response. Biologics are genetically engineered products
used to manage rheumatoid arthritis, psoriatic arthritis (Megna
et al., 2020), spondylitis, and Crohn’s disease (Becherer et al.,
2020). IL-6, and GM-CSF (Huang et al., 2019, Zhou et al., 2020) are
elevated far beyond their threshold range in severe COVID-19 cases.
These cytokines signal through the JAK/STAT pathway upregulating
other signaling pathways, enhancing the expression of cytokines as
well as chemokines. This narrative review deals with advocating
repurposed biologics targeting IL-6, GM-CSF, and JAK-STAT path-
ways to manage severe SARS-CoV-2 infection.

2. Data sources

A literature search was conducted between September 1, 2020
and September 20, 2020 on PubMed, and Google Scholar to identify
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publications in English language related to biologics used in COVID-
19. The search was conducted with the following keywords:
“COVID-19, “severe acute respiratory syndrome coronavirus 2
infection”, “SARS-CoV-2 infection”, “cytokine storm”, “severe
COVID-19”, “hyperinflammation”, “lung injury”, “biologics”,
cytokine antagonists”, “Interleukin inhibitors”, “Granulocyte-
Macrophage-Colony Stimulating Factor”, “JAK-STAT inhibitors”.
Randomized clinical trials, case reports, articles containing infor-
mation on the pharmacodynamics, pharmacokinetics and safety
was introspected for pertinent information. The information on
ongoing studies was retrieved from ClinicalTrials.gov., 2020, and
the US Food and Drug Administration (FDA).

3. Hyperinflammation and the cytokine storm: A complex
manifestation

3.1. COVID-19 infections: Activation of immune cells

The human body contains a robust immune system to combat
infections. The innate and adaptive immune system work in unison
through an arsenal of cells that identify and destroy foreign intrud-
ers. As the respiratory tract is continuously exposed to pathogens
and irritants, the resident and constantly patrolling immunologic
sentinels are alarmed and sensitized. In the COVID-19 viral infec-
tion, as in other infections, an early immune response is mediated
through dendritic cells (DC), monocyte-derived macrophages (Liao
et al. 2020), and alveolar macrophages. DC has a prominent role in
antigen presentation, while macrophages are responsible for endo-
cytosis and viral digestion (Fig. 1). The release of cytokines facili-
tates the recruitment of polymorphonuclear leukocytes to the
site to enhance viral clearance.

Cell-surface or endosomal receptors such as Toll-like receptors
or cytosolic receptors such as NOD-like receptors present on DC
and macrophages detect SARS-CoV-2 nucleic acids (Li et al,
2020). Apart from these, DCs and macrophages have a deluge of
receptors expressed on their surface. Immunoglobulins receptors
(fcR) complement receptors (CR), mannose receptors (MR), and
scavenger receptors are abundantly expressed on the macrophage
surface (Gordon and Read, 2002). Also, major histocompatibility
class (MHC) 1 or 2 molecules present on the surface of these cells
virtually recognize and take up the SARS-CoV-2 viral antigen. How-
ever, co-stimulatory molecules expressed on DC, such as CD40,
CD80, CD86, and CCR2, facilitate recognition. Antigenic peptides
loaded on MHC are presented to the T cells leading to their trans-
formation into effector T lymphocytes. It promotes natural killer
cell activity, and enhances the formation of antibodies, thereby ini-
tiating the adaptive immune response. Alternatively, activated DC
and macrophages amplify the innate immune response by over-
producing cytokines and chemokines (Costela-Ruiz et al., 2020).
These products then partake in the pro-inflammatory or anti-
inflammatory response.
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Fig. 1. The entry of the virus leads to activation of the innate immune system which comprises of macrophages and dendritic cells. Coronavirus antigens are presented by the
dendritic cells (DC) which serve as antigen presenting cells (APC) which load viral antigens on MHC-1 and 2 to the T cells leading to the activation of the adaptive immune
system. Activation of cytotoxic T cells leads to the proliferation of Th1 cells, Th2 cells and Th17 cells. This leads to the elaboration of several cytokines and chemokines
producing the cytokine storm. Also, the activated macrophages could stimulate the MyD88 pathway leading to the activation of downstream signaling pathways such as
MAPK and NFxB resulting in the expression of cytokines. MHC: major histocompatibility complex; IL: Interleukins; TNF: tumor necrosis factor; IFNvy: Interferons; MyD88:
Myeloid differentiation primary response 88; MAPK: Mitogen activated protein kinase; NFkB: Nuclear factor kappa B.

3.2. SARS-CoV-2: Alteration in immune cells dynamics

The neutrophil count is enhanced, and monocyte-derived
macrophages are elevated compared with alveolar macrophages
in COVID-19 infected patients (Qin et al., 2020). Peripheral lym-
phopenia is evident in 80% of the severely infected patients
(Jamilloux et al., 2020), and the lymphocyte to neutrophil ratio is
significantly reduced (Copaescu et al., 2020). COVID-19 patients
have shown stark exhaustion of cytotoxic T cells (Chen et al.,
2020, Diao et al., 2019), B cells (Wang et al., 2020), and natural
killer (NK) cells (Kuri-Cervantes et al., 2020). Reduction in the reg-
ulatory T cells (Kuri-Cervantes et al., 2020; Qin et al., 2020) leads to
a decline in the secretion of anti-inflammatory cytokines such as
IL-10 and TGF-B1. It also leads to an unabated proliferation of
antigen-specific T-cells (Qin et al., 2020). In COVID-19 patients,
phenotypic changes are characterized by the increased expression
of markers such as CD38, CD69, and CD44 on CD8 + T-cells. More-
over, activation of 41BB, a co-stimulatory molecule, was signifi-
cantly enhanced compared to healthy controls and intensive care
unit (ICU) admitted COVID-19 patients. Substantially high
CD14 + CD16 + inflammatory monocytes and more expression of
Tim3 and PD-1 inhibitory proteins occur in both the T-cell subsets
(Chen et al., 2020). COVID-19 patients with the severe pulmonary
syndrome also had higher GM-CSF + IFNg + Th1 cells (Zhou et al.,
2020). Besides, the involvement of T helper 17 (TH17) in the patho-
logical manifestations of COVID-19 symptoms is also suggested
(Chen and John Wherry, 2020).
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3.3. Cytokines, chemokines, and the cytokine storm

In severe COVID-19 infected cases, intense inflammation occurs
(Huang et al., 2019) due to the release of pro-inflammatory cytoki-
nes such as IL-1a, IL-1B, IL-6, IL-8, IL-12, IL-17, and TNF-o (tumor
necrosis factor-o). Besides, chemokines such as IFN-B, RANTES
(CCL5), macrophage inflammatory protein (MIP)-1a (CCL3), MIP-
1B (CCL4), IFN-y-inducible protein 10 (IP-10, CXCL10), and MCP
(monocyte chemoattractant protein; CCL2) promote the chemo-
taxis of immature DC, neutrophils and stimulate NK cells
(Sallusto et al., 1999). DC and macrophages enhance the release
of IFN-vy, which inhibits viral replication and improves the secre-
tion of cytokines and chemokines. Neutrophils also increase the
release of cytokines, chemokines, and TNF family cytokines. Airway
inflammation can also be mediated by IL-17/IL-23 cytokine mem-
bers, as they bolster the expression of pro-inflammatory mediators
(Bordon et al., 2013).

Effector T-cells enhance the formation of IL-4, IL-5, IL-6, IL-10,
IL-12, IL-13, IL-23, and TNF-o (Fig. 1). One of the most prominent
predictors of injury is the exponential rise in the levels of IL-6,
mostly responsible for the acute phase response, and activation
of TH17 cells (Cifaldi et al., 2015, Liao et al., 2020). In severely
infected cases, granulocyte-colony stimulating factor (g-CSF),
monocyte chemoattractant protein, interferon-y inducible protein
10 (CXCL100), and MIP-1a trigger a severe systemic inflammatory
response. A cytokine environment induces inflammatory CD14 +
CD16 + monocytes, which expresses IL-6 and accelerates inflam-
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Table 1
Clinical trials of several cytokine inhibitors for sever COVID-19 infections.
S. Interleukin/  Name of Drug  Title NCT Number  Company Clinical Outcome measures References
No. factors Acronym trials
1. IL-6 Tocilizumab TOCIVID NCT04322773 Bispebjerg-Frederiksberg Phase 2 Time to be free from ClinicalTrials.gov
(RoActemra) Hospital supplementary oxygen Identifier
Copenhagen, Denmark. therapy, NCT04322773:
Number of deaths. National Library
of Medicine,
2020.
2. IL-6 Sarilumab - NCT04327388 Investigational Site Number Phase 3 Time taken for improvement ClinicalTrials.gov
(SAR153191) 0,320,001 measured on a 7-point ordinal Identifier:
Caba, Argentina. scale. NCT04327388
National Library
of Medicine,
2020.
3. IL-6 Olokizumab - NCT04452474 George Washington Phase 2 Percentage of subjects with ClinicalTrials.gov
University Medical Center changed clinical status- with Identifier:
Washington, District of improvement for at least 2 NCT04452474:
Columbia, United States. categories of the 5-points National Library
clinical status scale relative to  of Medicine,
baseline or in the “Not 2020.
hospitalized” category.
4. IL-6 Clazakizumab - NCT04363502 Johns Hopkins Hospital Phase 2 Changes in the level of C- ClinicalTrials.gov
Baltimore, Maryland, United reactive protein. Identifier:
States. NCT04363502:
National Library
of Medicine, 2020
5. IL-6 Siltuximab SISCO NCT04322188 ASST - Papa Giovanni XXIII - The need of invasive ClinicalTrials.gov
Bergamo, Italy. ventilation in siltuximab Identifier:
patients and reduction of the NCT04322188:
need of time of ventilatory National Library
support. of Medicine,2020.
6. Janus Kinase TD-0903 - NCT04402866 Theravance Biopharma, Phase 2 Ventilator-free days from the ClinicalTrials.gov
Inhibitor United Kingdom beginning to the 28th day. Identifier:
NCT04402866:
National Library
of Medicine,
2020.
7. Janus Kinase  Ruxolitinib RUXO- NCT04477993 University of Sao Paulo Phase 2 Death or ICU admission or ClinicalTrials.gov
Inhibitor COVID General Hospital mechanical ventilation at day  Identifier:
14. NCT04477993:
National Library
of Medicine,
2020.
8. GM-CSF Gimsilumab - NCT04351243 Kinevant Sciences GmbH Phase 2 Incidence of mortality. ClinicalTrials.gov
inhibitor (KIN-1901- Identifier:
2001) NCT04351243:
National Library
of Medicine,
2020.
9. GM-CSF Mavrilimumab - NCT04463004 UCLA Medical Center, Phase2/3 The proportion of subjects ClinicalTrials.gov
inhibitor (KPL-301) California; Tulane Medical alive and off oxygen at day 14. Identifier:
Center, Louisiana; Mercy NCT04463004:
Hospital, Missouri; National Library
University of Texas Health of Medicine,
Sciences,Texas, United 2020.
States.
10. GM-CSF Mavrilimumab - NCT04399980 The Cleveland Clinic Phase 2 Reduced dependency on ClinicalTrials.gov
inhibitor oxygen supplementation at Identifier:
day 14 and proportion of NCT04399980:
subjects alive. National Library
of Medicine,
2020.
11. GM-CSF Mavrilimumab - NCT04492514  University of Cincinnati Phase 2 Proportion of subjects alive ClinicalTrials.gov
inhibitor and off oxygen at day 14. Identifier:
NCT04492514:
National Library
of Medicine,
2020.
12. GM-CSF Lenzilumab - NCT04351152 Humanigen, Inc. Phase 3 Time taken to recover by day ClinicalTrials.gov
inhibitor 28 considered as 3 categories Identifier:
on an 8-point ordinal scale. NCT04351152:
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Hospitalized without the need
of supplemental oxygen.

Not hospitalized but requiring
home oxygen.
Non-hospitalized.

National Library
of Medicine,2020.
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S. Interleukin/  Name of Drug  Title NCT Number ~ Company Clinical Outcome measures References
No. factors Acronym trials
13. GM-CSF Otilimab OSCAR NCT04376684 GlaxoSmithKline Phase 2 Proportion of patients alive ClinicalTrials.gov
inhibitor with absence of respiratory Identifier:
failure at day 28. NCT04376684:
National Library
of Medicine,
2020.
14. GM-CSF Sargramostim  iLeukPulm NCT04411680 Partner Therapeutics, Inc. Phase 2 Change in oxygenation ClinicalTrials.gov
agent parameter of P(A-a) 02 Identifier:
gradient by day 6 and NCT04411680:
percentage intubated by day National Library
14. of Medicine, 2020
15. IL-17 Secukinumab COLORIT NCT04403243 Lomonosov Moscow State Phase 2 Time to death or mechanical ClinicalTrials.gov

University Medical Research
and Educational Center,
Moscow, Moscow Region,
Russian Federation.

ventilation and level of C Identifier:

reactive protein. NCT04403243:
National Library
of Medicine,
2020.

mation. SARS-CoV-2 virus causes aberrant immune activation and
massive release of cytokines culminating in the cytokine storm or
Cytokine Release Syndrome (CRS).

3.4. Manifestations of the cytokine storm

The unprecedented release of cytokines alters vascular perme-
ability, increases extravasation of fluid, and activate the coagula-
tion cascade—a severe life-threatening inflammatory lung injury
called ARDS. In ARDS, fluid accumulates within the alveoli leading
to labored breathing, hypoxemia, hypotension, ultimately causing
respiratory and multi-organ failure (Cameron et al., 2008;
Coperchini et al., 2020; Zhang et al., 2020). In ADRS, inflammatory
mediators promote the chemotaxis of neutrophils across the vas-
cular endothelium and alveolar epithelial surfaces. As the immuno-
logical and clinical features of SARS-CoV-2 infection are identical to
secondary hemophagocytic lymphohistiocytosis (sHLH), there is a
perception that severe COVID infection could be a form of sHLH.

3.5. IL-6 and their inhibitors

IL-6 is a pro-inflammatory cytokine produced by Th1 cells (GM-
CSF + IFN-y + ) and inflammatory monocytes (CD14 + CD16 + lym
phocytes, monocytes, fibroblasts, especially from bronchial epithe-
lial cells. In severe COVID-19 patients, substantial inflation in the
levels of IL-6 is observed (Atal and Fatima, 2020; Chen et al.,
2020). IL-6 facilitates the differentiation of monocytes into macro-
phages, recruits immune cells to the site of injury, and enhances
cytokine formation. IL-6 is a strong predictive marker for hyper
inflammation and the cytokine storm. Elevation in the levels of
IL-6 also results in lymphopenia (Chen et al., 2020). IL-6 elicits
its response by binding to the transmembrane IL-6 receptor (IL-
6R), widely distributed on monocytes, T cells, B cells, and vascular
endothelial cells (Tanaka et al., 2016; Copaescu, et al., 2020; Magro,
2020). In the classic signaling process, the interaction between IL
and 6 to its receptors results in glycoprotein 130 dimerization,
upregulation of the JAK-STAT, MAPK (mitogen activated protein
kinase), and RAS (rat sarcoma virus)-RAF (rapidly accelerated
fibrosarcoma) signaling pathways. Also, IL-6 enhances the expres-
sion of Suppressor of Cytokine Signaling 3 (SOCS3), a modulator of
the IL-6 mediated immune response. However, cells that do not
express IL-6R also respond to IL-6 through circulating soluble
IL-6Rat  (SIL-6R), a phenomenon termed as trans-signaling.
Exaggerated release of IL-6 is mainly responsible for the acute
severe systemic inflammatory response requiring support through
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mechanical ventilation. Also, elevated levels of IL-6 activate the
coagulation cascade and increases the risk of mortality (Tanaka
et al,, 2016; Chen et al., 2020; Zhang et al., 2020; Zhao, 2020).
Recently three drugs have been repurposed for COVID-19 infec-
tions and are under clinical trials (Table 1).

3.6. Tocilizumab

Tocilizumab is a humanized monoclonal antibody of IgG1 type
which targets IL-6R or the soluble IL-6R (Zhang et al., 2020).
Tocilizumab is used to manage rheumatoid arthritis and has an
off-label use in interstitial lung disease associated with rheumato-
logical disorders (Khanna et al., 2018). Tocilizumab intercepts the
binding of IL-6 with IL-6R and sIL-6R, thereby inhibiting signal
transduction through the JAK-STAT pathway (Zhang et al., 2020).
In severe COVID-19 cases, tocilizumab (400 mg; IV) was adminis-
tered to 21 patients, along with the standard of care, antivirals,
and methylprednisolone. Tocilizumab resolved respiratory symp-
toms with improvement in the overall health (Xu et al., 2020).
The National Health Commission of China has approved the use
of Tocilizumab for COVID-19 in a dose of 4-8 mg/kg (Fu et al,,
2020).

The half-life of these agents may vary from eight to thirty days.
Toxicities observed in long term use are neutropenia, thrombocy-
topenia, elevated liver marker enzymes, and pruritis (Atal and
Fatima, 2020; Di Giambenedetto et al., 2020). The common side
effects include upper respiratory tract infections, headache, hyper-
tension, and abnormal liver function tests.

3.7. Janus kinase (JAK) and their inhibitors in COVID-19 patients

There is a massive potential for repurposing JAK inhibitors in
COVID-19 patients owing to their anti-inflammatory and
immunomodulatory properties which has been harnessed in
managing the cytokine storm. Also, coronavirus induces changes
in leukocyte subsets, and lymphocytopenia is a significant marker
in both COVID-19 and myelofibrosis patients (Wagner et al., 2020).
Thus, immunomodulatory agents approved for myelofibrosis can
be repurposed in SARS-CoV-2 patients.

SARS-CoV-2 invasion and entry into the host cells take place
through the process of endocytosis with the help of S-protein on
the viral envelope. This protein attaches to the ACE-2 (angiotensin
converting enzyme-2) receptors expressed and distributed widely
on different organs in the body, including lungs, heart, kidney,
and blood vessels. Other receptors that help viral entry into the
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host cell include DPP4 or CD26 (cluster of differentiation) and
clathrin-mediated endocytosis pathways (Raha et al, 2020).
Although the virus enters the host cell mainly through ACE-2
receptors, they attack some cells which lack ACE-2 receptors such
as lymphocytes, and the attack is mediated through the Janus
kinase (JAKs), signal transducer, and activator of transcription pro-
teins (STATs) pathway (Goker and Biray, 2020; Luo et al., 2020).

JAK and AP-2 (adaptor protein complex 2) associated protein
kinase-1 (AAK1) are the central regulators of endocytosis. Target-
ing the primary regulators of endocytosis can be a promising
approach for controlling infection (Richardson et al., 2020; Zhang
et al., 2020).

JAK/STAT pathway induces multiple molecular immune
responses and mediates well-defined cytokine signaling pathways.
There are mainly four proteins in the JAK non-receptor tyrosine
kinase family, including JAK 1, JAK 2, JAK 3, and TyK2 (Tyrosine
kinase 2). JAK1, JAK2, and TYK2 are expressed throughout the
human body, and IL-6 transduces signaling via JAK1/JAK2/TYK2
complexes. JAK3 is primarily expressed by hematopoietic cells in
the bone marrow. JAK activation is initiated by binding of cytoki-
nes such as IFN, IL-2, IL-6, IL-12, and IL-23 to the extracellular
domain of the receptor, producing extracellular signals which are
transmitted intracellularly through JAK non-receptor kinases. On
receipt of extracellular signals, a conformational change occurs in
specific JAK associated receptors leading to the phosphorylation
of JAK tyrosine. As a result, docking sites for STATs are created,
leading to their activation by dimerization. STATs are recruited to
the nucleus, triggering proliferation, activation, and recruitment
of immune cells (Convertino et al., 2020; Zhang et al., 2020).

Inflammation related downstream targets are activated through
IL-6/JAK/STAT3 pathway by binding IL-6 to its specific receptor. IL-
6 is the most highly expressed cytokine in SARS-CoV-2 infection.
JAK/STAT pathway and IL-6 inhibition can be employed to counter-
act the hyperinflammatory state. Signal transduction can be dis-
turbed by inhibition of one or both JAK monomers (such as JAK1/
JAK2, JAK1/JAK3, JAK1/TYK2, and JAK2/TYK2) recruited by cytokine
receptors to the intracellular domain of the signaling complex
(Jamilloux et al., 2020).

JAK1/JAK2/JAK3 inhibitors are biologic agents that modulate the
immune response by inhibiting type I/Il cytokine receptors. JAK
inhibitors are approved to treat several immunological diseases,
including rheumatoid arthritis, psoriasis, alopecia areata, ulcera-
tive colitis, and myelofibrosis. Some agents of this class are specific
inhibitors of JAK2, while others non-specifically inhibit JAK1, JAK3,
or JAK2 (Choy, 2019). JAK2 inhibitors help control pulmonary
edema by reducing IL-17, IL-22, and GM-CSF by blocking the differ-
entiation of Th17 cells (Wu and Yang, 2020). JAK inhibitors include
Ruxolitinib, Baricitinib, Fedratinib, Upadacitinib, Tofacitinib, and
Filgotinib (Seif et al., 2017; Luo et al., 2020), and a few are under
clinical trials (Table 1).

3.8. Tofacitinib

Tofacitinib, an inhibitor of JAK2/1/3, is an FDA approved drug
for the treatment of rheumatoid arthritis. JAK3 inhibition results
in blockade of IL-2, IL-4, IL-6, IL-7, IL-9, IL-15, IL-21; however,
tofacitinib does not markedly inhibit AAK1. Side effects include
neutropenia, a small decrease in platelets, increased levels of
high-density lipoprotein, cellulitis, and herpes zoster infections
(Mehta et al., 2020).

3.9. Ruxolitinib
Ruxolitinib is a potent inhibitor of JAK1/2 with moderate action

against TYK2 and JAK3. Ruxolitinib is approved for polycythemia
vera, myelofibrosis, and acute graft-versus-host disease. It also
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inhibits IL-6/JAK/STAT3 pathway, thereby reducing elevated IL-6
levels. In a multicenter, single-blind, randomized controlled trial,
the use of Ruxolitinib in COVID-19 patients resulted in notable clin-
ical improvement, and a favorable safety profile (Cao et al., 2019).
Mild to moderate anemia and the risk of opportunistic infection
are the adverse outcomes reported (Goker and Biray, 2020).

3.10. Baricitinib

Baricitinib is approved for the treatment of RA (Mogul et al.,
2019), and the anti-inflammatory effect occurs through reversible
JAK inhibition. It is a selective JAK1/JAK2 inhibitor but has less
specificity for JAK3. The less specificity for JAK3 is considered ben-
eficial as it could reduce pan-JAK associated immunosuppression
(Seif et al., 2020; Weisberg et al., 2020). Baricitinib restrains viral
endocytosis and assembly by inhibiting AAK1 and cyclin G-
associated kinase (GAK). However, suppression of the JAK-STAT
pathway can lead to the downregulation of interferon-controlled
genes, thereby increasing the risk of other viral infections.

Baricitinib is rapidly absorbed on oral administration and has an
absolute bioavailability is 80% (Mogul et al., 2019). The half-life in
healthy volunteers is 6-9 h and extends up to 19 h in severe renal
impairment. Only 6% is metabolized by CYP3A4 (Jorgensen et al.,
2020).

Baricitinib has specific advantages over ruxolitinib and fedra-
tinib. Baricitinib has an admissible safety profile (Stebbing et al.,
2020), high affinity for AAKI, convenient once-daily oral dosing,
higher potency, well-tolerated inhibitory doses in inflammation,
and good pharmacokinetic profile (Stebbing et al., 2020); thus,
baricitinib is the best among its class (Seif et al., 2020). Also, low
protein binding, little interaction with metabolic enzymes, and
drug transporters make it relatively safe to be administered along
with antiviral agents compared to other JAK inhibitors (Stebbing
et al., 2020). The co-administration of probenecid with baricitinib
can decrease renal clearance (Jorgensen et al., 2020). The concomi-
tant administration of omeprazole produces a two-fold increase in
the prolongation of time to peak plasma concentration (Jorgensen
et al., 2020).

The side effects observed are headache, nasopharyngitis, and
upper respiratory tract infection. Contrary to its relative safety
and efficacy profiles, studies showed a risk of anemia. The occur-
rence of neutropenia and lymphocytopenia increases the risk of
coinfection and reactivate viral infections, especially herpes zoster
(Jorgensen et al., 2020; Seif et al., 2020). Dose-related thrombocyto-
sis occurs with a rapid increase after initiation and reaches a peak
around the second week, then declines and stabilizes. The serious
adverse effects include thrombosis, perforation in the gastrointesti-
nal tract, and significant cardiovascular events (Seif et al., 2020).

3.11. Other JAK inhibitors

Memolitinib and oclacitinib inhibit both JAK1 and JAK2, block-
ing downstream signaling pathways. Fedratinib and pacritinib
are other JAK2 inhibitors, with ongoing clinical trials for the treat-
ment of myelofibrosis. Fedratinib can explicitly control the cyto-
kine storm and could be useful in SARS-CoV-2 infected patients
with a TH17-related cytokine storm.

3.12. JAK inhibitors: Monotherapy or combination therapy

Combination therapy with JAK1 or JAK 3 inhibitor and
methotrexate results in better clinical outcomes compared to
monotherapy (Gremese et al., 2019). Combination with tofacitinib
shows synergistic effects, whereas combination with baricitinib
does not exhibit superior clinical outcomes. Exploiting multi-
targeted JAK inhibitory agents such as midostaurin, lestaurtinib,
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and sunitinib could help control the cytokine release syndrome,
owing to their anti-inflammatory properties (Weisberg et al.,
2020).

3.13. GM-CSF and COVID-19

GM-CSF is a hematopoietic growth factor expressed in small
quantities in the alveoli of the lungs. However, during an inflam-
matory state as in COVID-19 infections, the formation of GM-CSF
is elevated by activated leukocytes (Zhou et al., 2020), DCs, Th17
cells, Th1, Th2, and CD8 + T cells (Shi et al., 2006), implicating its
role in inflammation (Gasson, 1991). GM-CSF accentuates the infil-
tration of immune cells to the lungs causing significant damage in
COVID-19 patients (Mangalmurti and Hunter, 2020). A report sug-
gests that in ICU and non-ICU COVID-19 patients, CD4 + T-cells
show elevated expression of GMCSF + and IL-6 + in relation to
healthy controls. Also, in COVID-19 patients admitted to the ICU,
CD8 + T-cells show a more significant expression of GM-CSF in
relation to non-ICU patients and healthy controls (Zhou et al.,
2020). GM-CSF + monocyte levels were elevated in COVID-19
patients inducing a formidable risk of lung injury due to the trans-
formation to macrophages- or monocyte-derived dendritic cells
(Bonaventura et al., 2020). Generally, the formation of GM-CSF is
triggered by proinflammatory cytokines such as IL-6, IL-23, and
TNF-o. In the presence of marked expression of pro-
inflammatory cytokines, IL-6, IL-18, TNF-a, IL-12p70, IL-23, and
chemokines, such as CCL22, CCL24, CCL5, and CCL1 actuate GM-
CSF-mediated macrophage proliferation and leukocyte recruitment
in the lungs. Besides, GM-CSF plays a vital role in maintaining sur-
factant homeostasis in the lungs (Trapnell and Whitsett, 2002). The
dysregulation of GM-CSF overtly activates myeloid cells resulting
in the enormous release of pro-inflammatory mediators leading
to hyper inflammation, damage to the pulmonary and extra-
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pulmonary sites (Fig. 2) (Lang et al., 2020). GM-CSF primes neu-
trophils and monocytes overexpressing cytokines and chemokines,
leading to dysregulation of the innate immune pathway (Fig. 2)
(Shi et al., 2006). Moreover, during inflammation, GM-CSF can pro-
mote the formation of reactive oxygen species, eicosanoids, and
platelet-activating factor. The alveolar type II epithelial cells and
multiple blood cells host the alpha subunit of the GM-CSF receptor
(GM-CSFRa) to which GM-CSF binds. The B-chain subunit of the
GM-CSF receptor is linked to the JAK2/STAT3/STAT5 signaling
pathways (Hansen et al. 2008, Burmester et al., 2011). In addition
to the release of pro-inflammatory cytokines, GM-CSF can activate
several signaling cascades, which includes MAPK pathway, JAK2/
STATS5, and the phosphoinositide 3 kinase (PI3K) pathway (Fig. 2)
(Woodcock et al., 1999; Brown et al., 2012). Collectively, through
all these mechanisms, GM-CSF adds fuel to the fire, resulting in
the cytokine storm.

3.14. GM-CSF inducing agents and their inhibitors for COVID-19

In severe COVID-19 patients, lung injury is evident, which cor-
relates with two courses of events. The first is the depletion of GM-
CSF leading to lung injury and replenishment could have benefits.
In accordance with this viewpoint, sargramostim is used in severe
COVID-19 patients (Lang et al., 2020). On the other hand, disease
severity in COVID-19 patients is exemplified by elevated levels of
a pleiotropic cytokine, GM-CSF, and their receptor on mononuclear
cells. Binding of GM-CSF to GM-CSFRa receptors can lead to an
exorbitant expression of inflammatory cytokines (De Luca et al.,
2020). The targeting of GM-CSF can reduce the risk of lung hyper
inflammation and lung injury. Mavrilimumab, Gimsilumab, Len-
zilumab, Otilimab, and Namilumab are some of the prototypes
under this class that are under investigation for COVID-19
(Table 1).
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Fig. 2. Granulocyte-Macrophage-Colony Stimulating Factor (GM-CSF) activates macrophages, monocytes, dendritic cells, neutrophils, and the JAK-STAT pathway. The leads to
an enormous release of cytokines such as IL-1, 11-6, IL-23 and TNF- o which facilitate chemotaxis of other inflammatory cells resulting in hyperinflammation and lung injury.
Sargramostim, a GM-CSF agent increases the activity of GM-CSF, which could be disrupted during SARS-CoV-2 infection. GM-CSF antagonists, mavrilimumab and gimsilumab
block the GM-CSF receptor, thereby inhibiting the activation of hematopoietic cells and inhibiting the JAK-STAT pathway. This reduces the release of cytokines which prevent
the occurrence of hyperinflammation and lung injury. IL: Interleukin; TNF-o: tumor necrosis factor alpha; JAK-STAT.
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3.15. Sargramostim

Sargramostim is a recombinant human GM-CSF under investi-
gation for its ability to facilitate lung repair following injury by
SARS-CoV-2 (Lang et al., 2020) (Table 1). Disruption of GM-CSF sig-
naling affects the differentiation of alveolar macrophages affecting
the breakdown and clearance of alveolar surfactant (Carey and
Trapnell, 2010). Clinically, sargramostim is employed in
chemotherapy-induced neutropenia to promote granulopoiesis
(Mehta et al., 2015).

Sargramostim (125 pg twice daily for five days) is administered
by inhalation or given intravenously (125 pg/m2 body surface)
twice daily for five days, producing a 25% improvement
in lung oxygenation parameters (Bosteels et al., 2020). In patients
with ARDS or severe sepsis, the use of sargramostim improves oxy-
genation and lung compliance.

3.16. Mavrilimumab

Mavrilimumab, a humanized IgG4 monoclonal antibody, blocks
GM-CSF receptor-o, thereby interfering with the binding of GM-
CSF, a ligand for these receptors. Mavrilimumab blocks GM-CSF,
thereby preventing the polarization of macrophages into the M1
phenotype and promoting their polarization into the M2-type.
The latter produces IL-10 and chemokine CCL2 (chemokine (C-C
motif) ligand 2), which possesses anti-inflammatory action
(Fleetwood et al., 2007).

An open-label, prospective, interventional study in Italy studied
the impact of a single dose of mavrilimumab to thirteen non-
mechanically ventilated, severe COVID-19 patients with pneumo-
nia and hyper inflammation (De Luca et al.,, 2020). The control
group comprised of twenty-six non-mechanically ventilated severe
COVID-19 patients with pneumonia and hyper inflammation.
Besides, patients also received the standard of care, which included
antiviral agents. By the 28th day of follow-up, mortality was not
reported in the mavrilimumab treated arm, while a 27% death rate
occurred in the control arm. Mavrilimumab reduced fever in 91% of
the patients within the fourteenth day (De Luca et al., 2020). The
dose of Mavrilimumab was 6 mg/kg as a single dose intravenously.
The dose was deciphered based on the safety, efficacy, pharmaco-
dynamic and pharmacokinetic profile of mavrilimumab (De Luca
et al., 2020; Wang et al., 2012).

3.17. Gimsilumab

Gimsilumab (Roivant Sciences) is a human monoclonal anti-
body that blocks the GM-CSF receptor, thereby intercepting the
interaction between GM-CSF and its receptor. GM-CSF-mediated
signaling and cytokine release is pronounced in COVID-19 patients
and is a warning sign of disease progression towards ARDS. Gim-
silumab attenuates GM-CSF-mediated cytokine release and is
under investigation for the management of COVID-19 with ARDS
(ClinicalTrials.gov NCT04351243).

3.18. Lenzilumab

Lenzilumab, a recombinant, non-fucosylated human IgG1 mAb
acting against GM-CSF, is under investigation for chronic
myelomonocytic leukemia. Lenzilumab has received FDA approval
for emergency single-use in severe COVID-19 cases that progress to
respiratory failure (Temesgen et al., 2020). Lenzilumab (600 mg;
intravenously; three doses) was administered to twelve high-risk
COVID-19 patients with severe pneumonia. Oxygenation capacity
improved in 92% of the patients with a median time for discharge
of 5 days (Temesgen et al., 2020). The FDA has approved the phase
III studies of Lenzilumab (ClinicalTrials.gov NCT04351152).
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3.19. Otilimab and namilumab (IZN-101)

Otilimab (GlaxoSmithKline) and namilumab are human mono-
clonal antibodies used for rheumatoid arthritis and ankylosing
spondylitis. In rheumatoid arthritis, Namilumab (Izana Bioscience,
UK), an immunoglobulin G1 monoclonal antibody, neutralizes
aberrantly produced GM-CSF. A clinical trial has been registered
for Otilimab against COVID-19 (ClinicalTrials.gov NCT04376684).

3.20. Possible adverse effects

Pulmonary alveolar proteinosis (PAP) is a life-threatening con-
dition that occurs due to deficiency of GM-CSF in the lungs, charac-
terized by the inability of alveolar macrophages to clear surfactant.
Although rare, it is a risk associated with the use of GM-CSF inhi-
bitors (Bonaventura et al., 2020).

3.21. IL-17 as pro-inflammatory cytokines in COVID-19 and their
inhibitors

Th17 lymphocytes are unique subsets of T lymphocytes that
overtly produce IL-17 under the influence of IL-6, IL-23, and TGF-
B (Kuwabara et al., 2017). TH17 cells also produce chemokines
such as CXCL-1, 2, 5, 8, CCL-2, and CCL-20. In addition to TH17 cells,
a plethora of immune cells are stimulated by IL-1p and IL-23, lead-
ing to the formation of IL-17. On the other hand, TH17 cells can
also produce IL-17, IL-21, IL-22, and GM-CSF. Unrestricted forma-
tion of IL-17 can drastically impact the alveolar architecture and
the process of oxygenation (Mendoza, 2020). IL-6 can foster the
hyperactivation of the JAK2/STAT3 pathway, increase the produc-
tion of IL-17A, IL-17F, and IL-22. Therefore, modulation of IL-17
response is another possible approach in the treatment of
COVID-19.

Secukinumab and Ixekizumab are human monoclonal antibod-
ies selectively targeting IL-17A, neutralizing it, and blocking their
interaction with the IL-17 receptor. Secukinumab is an approved
drug for the management of psoriasis and psoriatic arthritis. How-
ever, their current use is investigational for COVID-19
(ClinicalTrials.gov NCT04403243) (Table 1).

The adverse outcomes include nasopharyngitis, upper respira-
tory tract infection, mucocutaneous candidiasis (von Stebut et al.,
2020), and diarrhea.

Brodalumab is a human monoclonal antibody that blocks the IL-
17 receptor A (IL-17RA) interfering with the binding of IL-17 and
other cytokines of the IL-17 family (von Stebut et al., 2020).

4. Conclusion

In serious COVID-19 patients, the release of enormous cytokines
and chemokines causes the progression of symptoms resulting in a
high fatality rate. The investigational use of biologics has been
promising in managing hyper inflammation and the associated
cytokine storm. However, their high cost and possible risks associ-
ated with suppressing immune cells need robust validation. The
benefits of these approaches need to be weighed against their risks,
as an unequivocal claim cannot be made until results of random-
ized clinical trials prove otherwise.
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